For the purpose of performance evaluation of an existing reinforced concrete member, a chemo-thermo-hygro model to predict the spatial and temporal changes of physical properties of concrete in the member, named the "Computational Cement-Based Material Model (CCBM)", was proposed. This proposed simulation model includes models of rate of hydration of cement minerals, phase composition, and resultant properties of cement paste (i.e., compressive strength, Young's modulus, Poisson's ratio, thermal expansion coefficient, autogenous shrinkage, drying shrinkage, heat capacity, heat transfer coefficient, water vapor sorption isotherms, and water transfer coefficient). Furthermore, the model for compressive strength of concrete considered the variation in cement paste strength due to its colloidal features as well as micro-defects produced around aggregate due to differences in volume between aggregates and mortar upon heating and drying. The concrete properties of spatial distribution and temporal changes were evaluated by coupling these models with heat and water transport. Validation of these models was achieved by using existing experimental data. Using this CCBM, a thick concrete wall made with moderate Portland cement with a water-to-cement ratio of 0.55 under one-sided heating was simulated and potential problems that can arise during an integrity evaluation were discussed. If the required compressive strength, which was assessed within 91 days of placement, remains unchanged, an additional hydration process can build an adequate strength margin to overcome the risk of strength reduction due to heat and drying. However, in the case that the required strength is increased due to a re-evaluated risk, such as the magnitude of an earthquake, performance evaluation is not trivial as the core sample taken from the side where the execution of sampling is possible could exhibit a greater strength than the average strength of the target concrete member. Therefore, numerical evaluation might aid in this kind of situation.
Introduction
Effective utilization of existing reinforced concrete structures is an important issue in Japan from both an environmental and economical perspective. For aging management of concrete structures, their current and future performances until the end of the service or maintenance period should satisfy required performances. Therefore, the development of a numerical simulation model to predict changes in properties and experiments contributing to the development of a computational model have been examined for several decades in the research and engineering fields. Japan, which is affected by a large number of earthquakes, requires evaluation of structural and seismic performance, and the compressive strength and Young's modulus of concrete in a structural member are important material factors for this per- There is a need to evaluate the performance of a concrete member that is difficult to access. In an engineering plant, there are concrete members that adjoin a reactor or pipes, which create a heating and drying environment, but such concrete members that are on the side with severe conditions cannot be accessed and evaluated directly via core sample tests or non-destructive tests. Despite such difficulties, the performance evaluation of such a concrete member is necessary for assessing the structural performance of the structure. In the present study, in order to overcome this difficulty, a computational simulation model, which deals with "virtual" compressive strength in a concrete member, named the "Computational Cement-Based Material model (CCBM)", is proposed. This model is designed for interpolation of concrete data between standard curing sample testing results or non-destructive results of a structure, and a concrete member under severe conditions.
Many rate of hydration models (Kondo and Ueda 1968; Pommersheim and Clifton 1979; Bezjak and Jelenić 1980; van Breugel 1995b; Navi and Pignat 1996; Bentz 1997; Tomosawa 1997; Maekawa et al. 2003b; Thomas 2007; Bishnoi and Scrivener 2009) , phase composition and microstructural models (Jennings and Johnson 1986; van Breugel 1995; Navi and Pignat 1996; Bentz 1997; Maekawa et al. 2003b; Lothenbach and Winnefeld 2006; Bullard et al. 2011; Thomas et al. 2011) , and physical property models (van Breugel 1995a; Tomosawa 1997; Bentz et al. 1998; Maekawa et al. 2003a; Lothenbach et al. 2008) exist. Based on these existing research studies, causal relations between cement hydration and physical properties of hardened cement paste (hcp) or concrete are re-arranged and numerically modeled. A view outlining the proposed model is shown in Fig. 1 .
One of the characteristics of the proposed model is that the model reflects the colloidal feature of cement hydrates, which alter microstructure, water vapor sorption isotherms, and strength of hardened cement paste due to drying or heating. In addition, the proposed model is based on recent experimental works in which cement paste and concrete properties under equilibrium at different relative humidity and temperature conditions were collected. In the present paper, each component of the model is compared with experimental data and some are validated by comparison with existing experimental works by different researchers.
Finally, a thick concrete wall under a one-sided heating condition is simulated and issues that might arise in the case of soundness evaluation are discussed.
Modeling of cement hydration

Rate of hydration
A rate of hydration model is firstly introduced. In general, the hydration process of Portland cement is not scientifically clear. There are discussions on areas including the dormant period mechanism (Kondo and Daimon 1969; Garrault and Nonat 2001; Garrault et al. 2005) , the impact of minor chemical components in cement minerals on their rate of hydration (Mascolo and Ramachandran 1975) , difference of rate of hydration of polymorphism (Link et al. 2015) , mutual interactions of the hydration process of cement minerals through ion concentration in a solution (Gartner and Jennings 1987, Maruyama and , and impact of precipitation sites and regions (Zhou et al. 2006) . Therefore, in this section, the rate of hydration model is based on experimental data and many parts of the model are empirical rather than theoretical.
It has been proposed that the hydration process is divided into three different rate-controlling steps (Parrott and Killoh 1984) on which more detailed divisions and discussions exist (Kondo and Ueda 1968) . The three steps are categorized as 1) the nucleation and growth period, 2) the diffusion period, and 3) the period for formation of a hydration shell, and this concept is generally accepted as being useful to apply numerical modeling (Lothenbach et al. 2008) . Thus, this concept is applied for the proposed model; meanwhile, in the diffusion period, the representing equation is not directly employed from Parrott and Killoh (1984) .
Equations (1) ~ (3) correspond to the rate-controlling steps 1) -3). Nucleation and growth period: where K i,1 , K i,2 , N i,1 and N i,2 : coefficients for rate of hydration of each cement mineral at 293 K (-); α i (t): the degree of hydration of each cement mineral (-); i: type of cement mineral (i.e., alite (notation: C 3 S), belite (notation: C 2 S), aluminate phase (notation: C 3 A), and ferrite phases (notation: C 4 AF) (here, the notations obey the following rules of cement chemistry: C: CaO, S: SiO 2 , A:
: degree of hydration of each cement mineral from period 1) to 2) and from period 2) to 3); γ i,w : the coefficient of stagnation of hydration as a function of water content in cement paste, which attributes to the precipitation of hydrates (cm 3 /cm 3 ); γ srf : the coefficient of rate of hydration due to the difference in surface area of cement particles (2); γ a : the coefficient of belite hydration, which is affected by the reaction of alite. Note that this term is only valid for the hydration of belite.
Each coefficient is calculated by the following equations, which are also presented in Table 1 :
,0 ,0 ,2 , ,0 ,0 During the formulation of Equations (4) ~ (9), the dormant period of alite and belite was a function of calcium ion in the solution, but this was considered indirectly by using a function of the degree of hydration of each cement mineral. Both the aluminate and ferrite phases also have a dormant period coexisting with SO 4 2-ion in the solution, but such data is not sufficient, and it is assumed that their dormant periods continue until the degree of hydration of each mineral attains 0.10. Re- garding the alite hydration process, parts of the surface of belite are used as the precipitation sites for C-S-H (Kishi et al. 2008) ; consequently, the volumetric ratio of alite to belite is considered as a factor affecting alite hydration. During the formulation of Equations (9) ~ (14), the following phenomena were taken into account:
The impact of the water-to-cement ratio on the rate of hydration appeared as a difference in the total amount of precipitation from evaporable water. Less evaporable water in cement paste causes the stagnation of hydration through a reduction of the rate of precipitation. This especially holds in the period of formation of the hydration shell, since the precipitation process controls the rate of hydration during that period. This has been suggested by existing experimental data and hydration models (Taplin 1959; Kishi and Maekawa 1995; van Breugel 1995a van Breugel , 1995b . Therefore, the rate of hydration is modeled as a function of water content using the factor γ w . In addition, some parts of evaporable water cannot be used in the cement reaction since adsorbed water is retained from the surface, and the solution and precipitation process are repressed (Dove and Rimstidt 1994) . This effect of adsorption water on the rate of hydration varies for each cement mineral due to the differences in their reaction enthalpies. This difference is empirically considered by using coefficient h i defined for fitting the experimental data. It should be emphasized that these parameters affects distribution of degree of hydration in a concrete member by coupling with moisture transfer phenomenon of which details of numerical modelling are introduced in 3.2.
The rate of hydration in cement is affected by the total surface area or particle size distribution (Uchida 1987 ). This tendency is empirically taken into account by using Equation (13) and the factor γ srf .
There is a clear strong correlation between the degrees of hydration of alite and belite, which is not affected by curing temperature . It is suggested that during the alite hydration process, belite hydration is retarded. The key is the difference of the solubility curves of alite and belite. The solubility curve of alite, which is a function of CaO and SiO 2 concentration, is on the larger side of CaO and SiO 2 concentration compared to the solubility curve of belite, and during the hydration process of alite, the CaO and SiO 2 concentration in the pore solution is on the curve of the solubility curve of alite. During such cases, the reaction of belite is quite slow as the condition of the pore solution is far from the solubility curve of belite (Gartner and Jennings 1987 ). The proposed model takes this phenomenon into account by using the factor γ a .
The temperature dependency of cement hydration is considered by using the Arrhenius law, and the reference temperature is set as 293 K. This dependency is expressed by Equation (15) 
where E i : activation energy of cement mineral i (J/mol･ K); R: gas constant (8.314 J/mol･K); and T 0 : reference temperature (293 K). This equation also gives the distribution of degree of hydration in a concrete member by coupling with heat transfer phenomenon of which details of modeling is introduced in 3.1. These factors and parameters are determined by experiments in which the degree of hydration of each cement mineral in cement paste with different water-to-cement ratios and different types of Portland cement is examined (Maruyama and Igarashi 2011a, 2014) . The applied temperature histories of the experiments are shown in Fig. 2 . The results of the factors and parameters for the rate of hydration model are summarized in Table  1 . The premised values of cement hydrates, such as molar volume, density, and chemical composition under different drying conditions, are listed in Table 2 (Maruyama and Igarashi 2014) . These are based on the following references: (Schwiete and Iwai 1964; Kuzel 1969, Schwiete and Ludwig 1969; Allmann 1977; Feldman and Ramachandran 1982; Fischer and Kuzel 1982; Taylor 1986; Pöllmann et al. 1990; Motzet and Pöllmann 1999; Jennings 2000; Tennis and Jennings 2000; Zhou and Glasser 2001; Brouwers 2005) .
A comparison of the calculated results using the proposed parameters and the results of experimental data are shown in Fig. 3 . It is confirmed that the overall trend of each degree of hydration of cement minerals under different water-to-cement ratios and different temperature histories are reproduced.
Phase composition
The degree of hydration of each cement mineral, the water-to-cement ratio, and the mineral composition of initial cement can provide reliable phase composition information in cement paste by using thermodynamic equilibrium calculations with a proper set of thermodynamic data (Lothenbach and Winnefeld 2006) . On the contrary, the thermodynamic equilibrium calculations require large computational times and have some limita- Fig. 2 Temperature histories applied to cement paste; 20 ºC constant is denoted as 20c and the elevated temperature history with a maximum temperature of 60 ºC in the early age is denoted as 60.
tions, such as the drying state calculation and adopting the colloidal feature of C-S-H. Consequently, we tentatively take into account the phase composition using a classical approach that is the premise of the chemical reaction equations. Based on experimental data (Maruyama and Igarashi 2011a, 2014) and vast existing discussions regarding cement reaction (Osbaeck 1992; Bentz 1997; Taylor 1997) , the following equations are applied to the proposed phase composition model: 1) Molecular weight of C-S-H when the Ca/Si atomic ratio is assumed to be 1.7 is listed 2) Jennings (2000) , Taylor (1986) 3) Feldman and Ramachandran (1982) 4) In the present study, the adsorbed water at the condition above 11% RH is assumed to behave like bulk water 5) Zhou and Glasser (2001) , Tennis and Jennings (2000) 6) Tennis and Jennings (2000) , Pöllmann et al. (1993) 7) Motzet and Pöllmann (1999) , Tennis and Jennings (2000) 8) Allmann (1977) 9) Kuzel (1969) 10) Fischer and Kuzel (1982) , Schwiete and Ludwig (1969) 11) Fischer and Kuzel (1982) 12) This has been reported to become C 4 AH 19 at a RH of 88% or higher, but C 4 AH 13 is used for the present study due to its easy decomposition. 13) Due to missing data, the density was calculated by assuming the same crystal structure as C 4 AH 7 . While it is generally accepted that Fe forms a liquid solution partly substituting with Al in C-A-H, they are separated for convenience in this study. 14) Schwiete and Iwai (1964) Aluminate with gypsum in the system: 
Aluminate without gypsum in the system:
Ferrite with gypsum in the system:
Ferrite without gypsum in the system:
The heat of hydration of each equation is, in general, affected by the temperature and pressure, but in the proposed model, constant values are used for the first approximation. The reaction passes of both the aluminate and ferrite phases have a temperature dependency (Matschei et al. 2007; Lothenbach et al. 2008) and those passes are a function of coexisting gypsum, hemihydrate, and ion. In the present model, Equation (19) is considered to be applicable to the case above 323 K.
An example of the calculated phase composition of N5520c (notaion is shown in the caption of 
Modeling of cement paste and concrete properties 3.1 Heat-related properties
The temperature history in a concrete member has a large impact on cement hydration and the hydration process produces heat, consequently resulting in a feedback system in the concrete. In order to numerically evaluate this feedback system in concrete, the following governing equation (Equation 22) for heat transfer should be solved. This requires the mathematical modeling of the heat capacity of concrete, density of concrete, and the heat transfer coefficient, which are functions of the degree of hydration and water content.
where c con : heat capacity of concrete (J/g･K); ρ con : density of concrete (g/cm 3 ); λ con : thermal conductivity of concrete (W/m･ K); and Q r : heat production or con- Lothenbach et al. (2008) , based on a former experimental study (Maruyama et al. 2006) , the heat capacity values of 0.78, 1.205, 4.185, and 0.70 ~ 1.00 are used for unreacted cement, cement hydrates (under the dried condition at 105 ºC), evaporable water, and aggregate, respectively. Figure 7 shows plots of both the experimental and calculated results of the relationship between the degree of hydration and the heat capacity of dried hardened cement paste. The calculated results show the general trend of experimental data, while a certain range of scattering is observed in the experimental results.
Thermal conductivity is evaluated by a parallel model as the arithmetic mean value of the concrete component (Maruyama and Igarashi 2014 ) : W/m･K); λ hcp : thermal conductivity of hardened cement paste (W/m･K); λ con : thermal conductivity of concrete (W/m･K); and λ agg : thermal conductivity of aggregate (W/m･K). The factor γ λ (R w ) represents the reduction ratio of thermal conductivity of hardened cement paste due to a decrease in the connectivity of solid and liquid phases in hardened cement paste caused by agglomeration of colloidal C-S-H and the resultant increase of macro pores. This factor, as presented in Equation (26), is represented by a function of relative water content R w , where it is the ratio of evaporable water w (g/g-dried hcp) to water content at the saturated condition w 0 (g/g-dried hcp).
( ) 0.70 0.30
By using these equations, the calculated results of thermal conductivity of hardened cement paste as a function of time and thermal conductivity of hardened cement paste as a function of water content are compared with experimental data in Fig. 8 and Fig. 9 , respectively. The heat capacity model and the heat of hydration model are used to simulate the adiabatic temperature rise of concrete, which is affected by the temperature at the fresh state. These results are shown in Fig. 10 . During modeling, the impact of superplasticizer on the rate of hydration is unknown; therefore, the rate of hydration is set as 0.8 times that of the original rate of hydration until the end of the dormant period. In addition, the heat capacity of aggregates is set as 0.93 J/g･K in the calculation. The general trend of the adiabatic curve is consequently reproduced.
Moisture transport and water vapor sorption
Water is the key substance in the performance of concrete structures and it connects almost all the phenomena of concrete properties. In this section, the moisture transport phenomenon is investigated. Water consumption due to cement hydration as well as environmental humidity condition causes the moisture transport in concrete member, therefore, there is a feedback system of cement hydration and moisture transport in concrete.
A general expression of moisture transport in concrete is presented in Equation (27):
where w w p ∂ ∂ : water capacity; w: water content (g/cm 3 ); p w : water vapor pressure (MPa); K w : water transfer coefficient (m 2 /s･g/cm 3 ･1/MPa); and w r : water production or consumption due to a hydration or dehydration process (g/cm 3 ). In Equation (27), the potential of moisture transport is water vapor in the gaseous phase, and it is premised that the total pressure of gas phase is constant (i.e., 1 atm). Fig. 7 Comparison between the experimental results and the calculated heat capacity of D-dried hardened cement paste as a function of the degree of hydration. In this calculation, the drying degree of a D-dried sample is assumed to be equivalent to that of a 105 ºC dried sample. N5010c denotes that the cement paste with a water-to-binder ratio of 0.50 cured under a 10 ºC constant temperature condition. The letter L denotes low heat Portland cement. Experimental data were obtained from Maruyama et al. (2006) . Fig. 8 Comparison of the calculated heat conductivity of sealed hardened cement paste as a function of age. Experimental data were obtained from Maruyama and Igarashi (2014) . Fig. 9 Comparison between experimental data and calculated heat conductivity of hardened cement paste affected by water content. Experimental data were obtained from Kishi and Maruyama (2009) .
The moisture transport in a porous media is derived by pressure in general, vapor is moved by gas pressure and capillary condensed water is moved by negative pressure built by the meniscus. However, we use the diffusion equation for the moisture transport. The driving force of other water transport phenomena, such as film diffusion, is also represented by chemical potential, which has units of pressure. In the proposed model, the pressure of water vapor is considered as a representative potential for moisture transport. In the case of capillary water, the direction of moisture transport is identical to the transport direction of water vapor when the equilibrium between capillary water and water vapor is assumed to be always satisfied. With this assumption, there is no contradiction with regard to the moisture transport direction by using water vapor potential. This is a very important aspect for the governing equation when there is a variation in the microstructure and temperature in an analytical target body.
Firstly, water vapor sorption isotherm is discussed for modeling water capacity in Equation (27). Water vapor Brunauer-Emmett-Teller (BET) surface area (S H2O ) is an important parameter for composing a model of water vapor sorption isotherms. There are many discussions with regard to S H2O . Based on the hysteresis under a low RH range, Feldman and Sereda (1968) stated that water vapor adsorbed molecules which are related to the BET surface area calculation correspond to the re-hydration of cement hydrates. In addition, S H2O is affected by pre-treatment of the sample before the measurement process and by the drying history of the sample (Tomes et al. 1957) . This impact of the drying process of the sample on S H2O is caused by the colloidal feature of C-S-H (Maruyama et al. 2014c ).
The proposed model is based on water vapor isotherms data, which were obtained within a few days since C-S-H in the sample was expected to show a relatively small colloidal alternation during the water vapor isotherm processes. 
where S H2O : water vapor BET surface area (m 2 /g-dried hcp) with pretreatment under a 105 ºC vacuum condition for 30 minutes; and R C-S-H : amount of amorphous phase in hardened cement paste under a 105 ºC vacuum condition for 30 minutes (g/g-dried hcp), and currently, the amorphous phase amount is defined by the summation of C-S-H, C 4 AH 13 , and C 4 (A,F)H 13 .
A comparison between experimental data and results calculated using Equation (28) is shown in Fig. 11 .
Water vapor isotherm of hardened cement paste is modeled based on S H2O , which confirm the following experimental characteristics: 1) long-term desorption data under a 40% RH range obtained by a gravity method is reversible (Helmuth and Turk 1967; Maruyama 2010) , and it is almost identical to that of the desorption process obtained by a volumetric method; 2) the water vapor BET surface area in the adsorption process has a linear relation with that under the desorption process by a volumetric method ; 3) long-term drying affects S H2O (Maruyama et al. 2014c ); 4) temperature affects S H2O ; and 5) a sorption amount at 98% RH in the desorption branch is affected by the drying or heating condition of a sample (Igarashi and Maruyama 2012) . Background data and resultant fitted data with regard to 3) and 4) are shown in Fig. 12 Fig. 10 Comparison of the calculated results of the rise in adiabatic temperature of concrete. Three different temperature conditions at a fresh state were assumed. The experimental data were obtained from Kishi and Maekawa (1995) . ( ) ( )
98, 
where h: relative humidity (-); w: water content in hardened cement paste (g/cm 3 -dried hcp); w 0 : water content at 100 % RH (g/cm 3 -dried hcp); w 98,de : water content at 98% RH in the first desorption process (g/ cm 3 -dried hcp); w 40,de : water content at 40% RH in the first desorption process (g/ cm 3 -dried hcp); S de : water vapor BET surface area per unit volume of hardened cement for the desorption process (m 2 /cm 3 ); L 1 , L 2 : parameters for statistical thickness of adsorption (nm), and are L 1 = 0.39 and L 2 = 0.12, respectively ; T: absolute temperature of hardened cement paste (K); h min : minimum equilibrium relative humidity of hardened cement paste in its history (-); and ρ eff,hcp :
nominal density of hardened cement paste following vacuuming under a 105 ºC condition for 30 minutes (g/cm 3 ). The re-adsorption branch which corresponds to the minimum value of sorption curves is then modeled as follows: Re-adsorption branch: , RH40%~98% : 
where Δw: water content in the transition process between the first desorption branch and the re-adsorption branch (g/g -dried hcp); and w ad or de , h ad or de : water content and relative humidity at the point of intersection between the first desorption branch or re-adsorption branch and the transition process line. The sorption process calculated with a randomly applied relative humidity history at 293 K is shown in Fig.  13 with integration of existing data obtained by the authors. Meanwhile, the desorption processes at different temperatures are shown with the calculated results in Fig.  14. A satisfactory reproduction of experimental data was confirmed by these results.
The nonlinear diffusion coefficient of water transfer in concrete was first addressed by Bažant and Najjar (1972) . It was confirmed by numerical analysis that a constant diffusion coefficient for moisture transport in a cement-based material is unsuitable, and the diffusion coefficient as a function of water content or equilibrium relative humidity reproduces the time dependent moisture content change in the target specimen. Subsequently, Sakata (1983) experimentally proved that the moisture diffusion coefficient of concrete depends on water con-(a) Relative humidity dependency (b) Temperature dependency Fig. 12 Water vapor BET surface area of hardened cement paste, which reflects the colloidal feature of C-S-H affected by relative humidity and temperature. (a) SBET as a function of equilibrium relative humidity, and (b) SBET as a function of temperature. The data of (a) are from Maruyama et al. (2014c) and the data of (b) are from Igarashi and Maruyama (2012) . The equations shown in the figures are used in Equation (33).
tent by using the Boltzmann-Matano method (Matano 1933) .
In the experiment regarding the moisture transport in concrete evaluated by the Boltzmann-Matano method, water content or relative water content in concrete as a diffusion potential is mathematically identical. However, these considerations are valid only if the temperature is constant and there is no microstructural distribution. In reality, however, there is microstructural distribution and a temperature gradient; consequently, the water vapor pressure or chemical potential is better for the modeling of moisture transport. In the proposed model, as water movement from a higher temperature to a lower temperature is experimentally confirmed in concrete (England and Ross 1972) , water vapor pressure is chosen as a potential of moisture movement. It should be noted that in a recent study, the water in hardened cement paste showed very little capillary condensation (Muller et al. 2012) ; therefore, the moisture movement in aged concrete might be governed by the vapor transport.
The moisture transport coefficient in the proposed model is based on experimental data at constant temperature conditions Lin et al. 2013) . 
where t w,100 : statistical thickness of adsorption in saturated hardened cement paste (Badmann et al. 1981) (nm); w ρ : density of water (g/cm 3 ); R w : relative water content (w / w 0 ); and K w : moisture transport coefficient (m 2 /s･g/cm 3 ･1/MPa). The calculated results of water content change in the specimen under different temperature conditions are compared with experimental data in Fig. 15 .
Moisture transport under changes in microstructure due to hydration is simulated in Fig. 16 . In the experiment with regard to Fig. 16 , ordinary Portland cement concrete whose water-to-cement ratio is 0.6 is dried just after placing. In this specimen, stainless wires were each placed at a depth of 20 mm and the specimen was split according to the measuring timings. The amount of evaporable water in the split specimens was then collected. The environmental conditions were 293 K and 40% RH. In the analytical simulation, after 4 hours of concrete aging, the target specimen was open to environmental conditions, and the moisture transport coefficients of hardened cement paste and concrete were assumed to be identical (Lin et al. 2013) . Both calculations reproduced the trends of experimental data, and the proposed sorption isotherm model and moisture transport coefficient was validated with limited conditions.
(a) Calculated results (b) Experimental data Fig. 13 Calculation results of the sorption model using Equations 27 -36 and experimental data integrated from Maruyama (2010) and Maruyama and Igarashi (2010) . Fig. 14 Comparison between experimental data and calculated results of the first desorption of hardened cement paste under different temperature conditions. Experimental data were obtained from Igarashi and Maruyama (2012) . The origin point of sorption was the condition at 65 ºC under N2 gas flow, and those data are re-calculated so that the origin point is under a 105 ºC vacuum condition.
Modulus of elasticity, shrinkage, and thermal expansion coefficient
The volume change of a concrete component has a significant role on the strength of concrete (Lin et al. 2015; Maruyama et al. 2014b) . The Young's modulus and Poisson's ratio of hardened cement paste under sealed conditions are first addressed. Many research studies exist on the relationship between microstructure and Young's modulus (Sun et al. 2004; Haecker et al. 2005; Šmilauer and Bittnar 2006; Chamrova 2010) , and some models simulate the Young's modulus of hardened cement paste by considering the phase composition and Bulk modulus of cement hydrates with the general rule of mixtures or a discrete spatial distribution such as the finite element method. In the proposed model, more simplified and empirical approaches are used for predictions. It has been reported that the Young's modulus and Poisson's ratio of hardened cement paste are a function of the gel-to-space ratio in hardened cement paste under a 11% RH condition (Maruyama and Igarashi 2014) . Based on this study, Equations (41) and (42) 
where x: gel-to-space ratio, which was originally proposed by Powers (1958) (-) ; and E p , v p : Young's modulus (GPa) and Poisson's ratio (-) of hardened cement paste, respectively. A comparison between experimental data and calculated results of the Young's modulus and Poisson's ratio are shown in Fig. 17 and Fig. 18 , respectively. The accuracy of low heat Portland cement paste is worse than that of ordinary Portland cement paste; however, in general, the calculated results reproduced the trends of Fig. 16 Comparison between experimental data and calculated results of water content distribution in the concrete specimen, which was open to the environment at 293 K and 60% RH just after placing. Experimental data was obtained from Hashida et al. (1990) . The Young's modulus of mortar or concrete might be predicted via a model by considering the impact of an interfacial transition zone (ITZ) and damage in concrete due to an uneven volume change of cement paste, mortar, and aggregates by the homogenization theory (Nilsen and Monteiro 1993; Lutz and Monteiro 1994; Kawakami 1997; Tsukahara and Uomoto 2000) . However, this topic is not investigated in this paper.
The volume change of hardened cement paste due to a change in water content is introduced in this section. The shrinkage mechanism of hardened cement paste is still under discussion, and several theories such as the surface energy theory, capillary tension theory, and disjoining (or hydration pressure) theory exist, with a combination of them having been proposed thus far (Powers 1965; Feldman and Sereda 1968; Wittmann 1968; Hansen 1987; Beaudoin et al. 2010; Maruyama 2010) . In addition to these theories, hardened cement paste under the first desorption process shows irreversible shrinkage due to colloidal alternation of C-S-H (Helmuth and Turk 1967; Maruyama et al. 2015) . This irreversible shrinkage strain is affected by the water-to-cement ratio and the cement type, and in a range of water-to-cement ratios of ordinary strength concrete, the irreversible shrinkage exceeds more than half the total drying shrinkage (Helmuth and Turk 1967; Maruyama et al. 2014c) . Therefore, the new approach is introduced for modeling the drying shrinkage of hardened cement paste as follows. It has been reported that the drying shrinkage of matured hardened cement paste under the first desorption and subsequent re-adsorption process exhibits a linear relation with statistical thickness of adsorption (Maruyama 2010) . This experimental phenomenon suggests that shrinkage of hardened cement paste is governed by a change in the number of water molecules adsorbed in the calcium silicate layers of C-S-H whose thickness is dynamically varied. Based on this hypothesis, shrinkage of hardened cement paste due to drying is modeled as a function of statistical thickness of adsorption: 
where C S,T : factors of S H2O affected by the temperature; ε p ,Dsh : drying shrinkage strain of hardened cement paste whose original point is the saturated condition (-); ε p,sh,40 : drying shrinkage strain of hardened cement paste at 40% RH; t w : statistical thickness of adsorption when the water content is w (nm); and t w,40 : statistical thickness of adsorption at 40% RH. Drying shrinkage strain under the first desorption process and the subsequent re-adsorption process of hardened cement paste with different water-to-cement ratios is calculated in Fig. 19 , and the drying shrinkage under the first desorption process under different temperature conditions is calculated in Fig. 20 . Both figures exhibit satisfactory results.
Autogenous shrinkage, which is derived by self-desiccation due to cement hydration, is generally believed to possess the same mechanism as that of drying shrinkage. However, the location of water consumption (i.e., the spacing between calcium layers or capillary condensed water which can exist only in early ages) may have a different impact on the shrinkage strain. In other words, the hypothesis that the shrinkage strain of hardened cement paste is a function of the change in interlayer spacing of C-S-H requires the following new and additional hypothesis: the water consumption from capillary water due to cement hydration has a smaller impact on the shrinkage strain of hardened cement paste. The controversial nature of this hypothesis is obvious, and there have been no discussions thus far. However, it should be noted that drying shrinkage, which is observed normally when the RH condition is less than 70%, is rather a severe condition. The RH during self-desiccation is caused by cement hydration and is normally above 70% RH. Therefore, this new concept cannot be wholly denied due to the difference in the dominant RH range. In the proposed model, autogenous shrinkage is modeled using statistical thickness of adsorption as follows: (46) and (47), the autogenous shrinkage of hardened cement paste with water-to-cement ratios of 0.55 and 0.40 is calculated and compared with experimental data in Fig. 21 .
Meanwhile, with regard to the volume change of mortar in concrete, fine aggregates should be taken into account. Sakaida et al. (2014) measured the shrinkage of mortar with different aggregate sizes, particle size distributions, and volumetric ratios in mortar. Their results showed that the aggregate volume in mortar has the largest impact on mortar shrinkage and the impact of aggregate size and particle size distribution on mortar shrinkage are rather small. Based on these experimental results, in order to predict the volume change of mortar, the coefficient as a function of aggregate volume ratio is multiplied by shrinkage of hardened cement paste: Maruyama et al. 2014) , and it has been reported that the TEC of hardened cement paste depends on water content or equilibrium relative humidity. Further, in the case of relative humidity, the TEC of hardened cement paste shows a maximum value at 60 ~ 80% RH with an additional 8 ~ 15 μ/K to the value at the saturated condition (Mayer 1950; Sellevold and Bjøntegaard 2004; Maruyama et al. 2009 ). While several explanations exist for this mechanism (Sellevold and Bjøntegaard 2004; Grasley and Lange 2007; Wyrzykowski and Lura 2013) , they are not clear. Therefore, in the proposed model, the hypothesis that the mechanism of TEC is identical to that of shrinkage is used for modeling: Calculation results of the difference in thermal expansion coefficient of hardened cement paste from that of the saturated condition are plotted as a function of equilibrium relative humidity and compared with experimental data in Fig. 22 .
The TEC of mortar or concrete should take the TEC of aggregates and aggregate volume into account. Following the general rule of mixtures equation, equation (52), which has been validated via experiments of high-strength mortar and concrete (Teramoto et al. 2007) , is applied for the present study. 
Compressive strength of cement paste and concrete
The famous relationship between the strength of a cement-based material and the microstructure of a binding cement paste matrix is called the "gel-to-space ratio", and was proposed by Powers (1958) . This relationship was also confirmed by the authors' experiment of hardened cement paste, and their relationships were identical among cement paste at a sealed condition with different water-to-cement ratios and degrees of hydration (Maruyama and Igarashi 2014) ; however, this relationship is not applicable to hardened cement paste under a dried condition (Maruyama et al. 2014c) . It has been suggested that in a high relative humidity range (e.g., more than 40% RH at room temperature), the strength of hardened cement paste is affected by bridging of precipitated cement hydrates due to drying, and increases in the volume of macropores due to compaction of colloidal C-S-H globules under drying. Further, in cases with more severe drying conditions, strengthened C-S-H due to thinning of the basal spacing of calcium silicate layers due to drying causes an increase in the strength of hardened cement paste. Based on these experimentally confirmed trends, the strength of hardened cement paste at the saturated condition was modeled as a function of the gel-to-space ratio (Equation 53 ) and the impact of drying was modeled by Equations (54) and (55).
( )
where x: gel-to-space ratio of hardened cement paste at Fp,h , C Fp,t : factor for impact of drying on compressive strength of hardened cement paste; and t w,l : lower limit statistical thickness adsorption that corresponds to an increase in the strength of hardened cement paste due to drying (0.25 nm). By using Equations (53)- (55), the compressive strength of hardened cement paste with different water-to-cement ratios under different temperature histories is calculated and the results are compared with experimental results in Fig. 23 . This figure shows that trends are reproduced satisfactorily.
11% RH and 293 K condition (-); C
The compressive strength of a concrete cylinder specimen is affected by the strength of hardened cement paste, maximum aggregate size, particle size distribution of aggregates, strength and stiffness of aggregates, ITZ, and other properties related to mixture proportion and their components. The proposed model is able to reproduce the compressive strength of hardened cement paste, but unable to predict the absolute compressive strength of a concrete cylinder specimen according to the information of mixture proportion and properties of components due to insufficient scientific knowledge and background data. Therefore, the strategy utilized in this work is to use the compressive strength of the cylinder specimen at 28 days under a standard curing condition as a benchmark for predicting the concrete strength.
The mechanism concerning heating or drying on concrete compressive strength was recently studied and several data are available. The compressive strength of concrete is affected by the strength of hardened cement paste that is altered by drying and heating conditions and the damage to mortar produced around aggregates caused by a difference in volume change between the aggregates and mortar. Based on these mechanisms, the impact of heating or drying on concrete compressive strength is numerically modeled as follows: ε : representative strain effect of the ITZ corresponding to the drying shrinkage strain of the mortar around aggregates (e.g., if the diameter of a coarse aggregate is 20 mm and the thickness of the ITZ is 5 μm, the representative strain effect of the ITZ is calculated as 250 μ.); ε Agg,T, : thermal strain of a coarse aggregate; and ε m,T : thermal strain of mortar. In the present study, shrinkage of coarse aggregates is assumed to have a linear relation with relative humidity.
Experimental results of the change in compressive strength of concrete during drying or heating are compared with calculated results using Equations (56) - (58) in Fig. 24 . It should be noted that all the data are under equilibrium for each drying or heating condition; in other words, the mass change of specimens attained the ultimate value in each experiment. The concrete for the Fig. 23 Comparison between experimental data and calculated results of compressive strength of hardened cement paste. Experimental data was obtained from Maruyama and Igarashi (2014) . Fig. 24 Comparison between experimental data and calculated Fc/Fc,o of mortar, concrete with limestone, and concrete with shrinking sandstone. All the specimens are under equilibrium drying conditions. The calculated parameters are listed in Table 3 . The experimental data was obtained from (Maruyama et al. 2014b) . The mixture proportions of concrete or mortar is the same as those shown in the reference.
experimental results used high early strength Portland cement with a water-to-cement ratio of 0.55 and with different types of coarse aggregates. The assumed values for the calculation are summarized in Table 3 . The trend of the ratio of Fc (compressive strength of concrete after drying or heating) to Fco (compressive strength of concrete under sealed conditions) is affected by the type of aggregate and these trends are reproduced by the proposed model. Therefore, the proposed model can evaluate the change in concrete strength due to drying or heating.
Validation of proposed models.
Finally, for the validation of the proposed models, the concrete strength in a massive specimen, which was investigated by Shiire et al. (1987) , is evaluated by using the proposed model. Prediction of concrete strength development of both standard saturated curing specimen and massive concrete specimen which exposed to the ordinary environmental condition is very challenging, because, in case of massive concrete, heat production, heat transfer, resultant thermal deformation of inside of concrete, moisture movement due to temperature gradient as well as self-desiccation due to hydration and resultant shrinkage of mortar cause the deterioration of concrete strength. Therefore, this evaluation process is comparable to one of the validation of holistic approach and this process is significant in this paper.
In this experiment, the water-to-cement ratio of concrete was 0.50 and moderate heat Portland cement was used. The size of the massive specimen was 1200 mm × 1500 mm × 1500 mm, and it was placed during winter. The core-drilled samples, whose dimensions were 100 × 200 mm, were obtained from the specimen at different concrete ages and the compressive strength was measured. At the same time, from the same batch as the massive specimen, the standard curing specimens with the same dimensions as the core-drilled specimens were prepared and the development of compressive strength was recorded. The details of the massive specimen are shown in Fig. 25 . The experimental data of the development of concrete strength under standard curing (293 K, submerged in lime-saturated water) and in the massive specimen are shown by the calculated results in Fig. 26 . In the calculation, the mixture proportion, which was shown in the reference, is used. Regarding the mineral composition of moderate heat Portland cement, an average value for commercial cement, as shown in Table 4 , was used. Regarding the coarse aggregate, it was shown that sandstone is used in the reference, therefore, the value in Table 3 was used for the calculation. The temperature condition around the specimen was re-calculated from a maturity value listed in the literature, and the relative humidity was set as 0.60 regardless of the temperature. In addition, the value of C Fc-p was 0.87. According to Fig. 25 , the strength development of both the massive specimen and the standard curing specimen was reproduced by the proposed model. It is concluded that the proposed model is beneficial for discussing the long-term trend of strength change in a real structure.
Case studies and discussion
Structural performance evaluation and aging management based on current performance and predicted future performance are crucial problems for long-term service life of important concrete structures. We possess a seismic evaluation method for existing reinforced concrete buildings (Building Research Institute 2001) where the distribution of strength in a massive reinforced concrete member is not considered and there is no comprehensive rule to evaluate the strength results of core-drilled samples. To discuss this issue, the strength development of massive reinforced concrete structures under one-sided heating, which is uncommon for normal residential or Fig. 25 Schematic of the specimen used in the experiment by Shiire et al. (1987) . In case of nuclear power plant, especially the case of pressurized water reactor (PWR), there is a biological shielding wall (BSW) which supports a reactor pressure vessel (RPV). This important member is one of the major one-sided heated RC member due to gamma-heating and radiation heat from a reactor core. As the heating and resultant drying causes the change in concrete strength, and one-sided heating condition promote the moisture movement in massive concrete, the strength distribution of BSW is significant for evaluating the structural performance of this member. In Japan, a new nuclear reactor regulation law came into force on July 8, 2013 after the lessons from the Fukushima-1 nuclear power plant accident, and an approval system of extension of operation period of nuclear power plants is introduced (Nuclear Regulation Authority. 2013). Power companies are allowed to operate nuclear power plants for up to 40 years and after that they can apply permission to extend operation period just one time. In this context, the strength evaluation of one-sided heated member is crucial. In addition, this member is almost impossible to access and to take a core from the side of reactor, therefore, the evaluation process needs discussion.
In the present discussion, we also address a relaxation of the temperature regulation (American Concrete Institute 2012). In ACI-349 committee, relaxation of the concrete temperature for long-term operation has been proposed. This discussion is based on 1) a margin between design strength for mixture proportion and design strength for the structure, 2) a margin probably produced by additional hydration in massive concrete, and 3) deterioration ratio of strength due to elevated temperature derived from the concrete data base compiled by Naus (2010) . But in case of Japan, required design strength has been upgraded because expected energy of coming earthquake was increased by the researchers, and resultantly, some margins discussed in the ACI 349 can not be taken into account. Therefore, this discussion is necessary here.
A massive member, 2500 mm in width, under one-sided heating conditions was simulated. It was assumed that the concrete of the member contained moderate heat Portland cement and a water-to-cement ratio of 0.55, and the design strength was 24 MPa. The mineral composition of the cement is shown in Table 4 , and the Blaine value was set as 3200 cm 2 /g. The mixture proportion of the concrete is shown in Table 5 . Limestone was used as the coarse aggregate and parameters for strength impact were set from Table 3 . With regard to time flow, placing was done up to 2 hours after mixing, and the member was demolded at 14 days. Then, 1 year after mixing, the member was exposed to air with 20 ºC (293 K) and 60% RH. The member then has a one-sided heating condition until 61 years after mixing. The heating side environment was 45 ºC (318 K), 65 ºC (338 K), and 90 ºC (363 K) and it is exposed to ventilated air and its vapor pressure was the same as that of 60% RH at 20 ºC. The temperature of 45 ºC reflects the condition of a biological shielding wall in an anonymous Japanese nuclear power plant; meanwhile, the temperature of 65 ºC reflects the temperature regulations (ACI-ASME Joint Committee 2001); finally, the temperature of 90 ºC reflects a recent ACI discussion with regard to the relaxation of the temperature regulation (American Concrete Institute 2012).
On the other side of the member, it is assumed that the surface is exposed to the human work environment which is 20 ºC and 60% RH. Note that in the case where the member was heated at 45 ºC, there was an additional calculation where the member was open to 20 ºC and had Fig. 26 Comparison between experimental data and the calculated temperature history of the specimen and compressive strength development of standard curing samples and core-drilled samples from the mass block. Data was obtained from Shiire et al. (1987) Firstly, the strength development in the member is viewed broadly. At the age of 28 days, the strength of concrete at the center part of the member is larger than that at the periphery. This occurs as the hydration process is enhanced by the elevated temperature due to the heat of hydration. Meanwhile, the cause of a very low concrete strength at the surface is the stagnation of cement hydration due to drying after demolding. At 182 days, it was confirmed that there is an opposite curvature of concrete strength distribution to that at 28 days, such that the strength at the center part exhibits the minimum value. The reason for this trend is due to damage around aggregates resulting from the difference in volume change between mortar and aggregates. It should be noted that in some experiments, a similar concrete strength distribution was obtained after 13 weeks (Ozaki et al. 2001) . Another explanation for this trend is stagnation of hydration at elevated temperatures related to aluminate and ferrite phases (Lee 1997) ; therefore, further investigation is required for a better understanding of this trend.
The difference of concrete strength between that at the center and that at the periphery decreases as time increases from 28 days to 1 year. This is caused by a counterbalance of the additional hydration process at the periphery and the stagnation process by a decrease in available water for cement hydration. In the present calculation, the compressive strength of a cylinder concrete specimen under standard curing was 26.2 MPa and 34.3 MPa at 28 and 91 days, respectively. On the contrary, the strength of concrete at the center part of the member at 91 days was 32.1 MPa due to the impact of elevated temperature. Even if an impact of elevated temperature exists, the design strength of concrete is wholly satisfied at 91 days.
One year after mixing, one-sided heating commenced. The evaporable water at the heated side in the member was moved to both the heated surface and inside the member and the concrete at the heated periphery was dried rapidly, and this drying process made the rate of hydration slower. On the contrary, the inner part of the member whose temperature increased showed an increase in hydration and resultantly, an increase in strength. Some of the water from the heated side moved to areas with lower temperatures. The strength distribution in the member after a 60 year service period is determined by a balance among the stagnation of hydration due to heating, additional increase in hydration under elevated temperatures on the condition that there is water available for cement hydration, , and the strength deterioration due to heating and drying. Strength development continues in areas with low temperature that receive a water supply from the heated area. The strength of concrete at the side opposite to the heated side is also very low due to the stagnation of hydration due to drying. Therefore, the local maximum strength is observed 2000 mm from the heated surface. This trend is common to cases with one-sided heating and that are open to the air without an impermeable coating. If the heating temperature is higher, the region in which the strength of concrete is increased at the lower temperature condition becomes larger.
In cases with an impermeable coating on the surface of the low temperature side, vapor is supplied from the high temperature side to low temperature areas and the water condenses in the concrete in the low temperature area. This mechanism continues until 50 years when equilibrium is almost attained, while complete equilibrium is no longer attained because water consumption continues as a result of cement hydration. It must be noted that re-hydration exists and a resultant strength increase is exhibited in the side that has a low temperature. There is insufficient confirmation of experimental results stating that additional hydration upon drying by supplying water increases the strength of concrete; thus, this trend requires further validation. The reason for the gap between 0.33 g/cm 3 -hcp and 0.42 g/cm 3 -hcp in Fig. 29 (c) , which illustrates the water content, is explained by the model that reflects the occurrence of densification and segmentation of C-S-H globules due to elevated temperatures and a resultant increase in the volume of macropores.
The evaluation method for integrity of the member is discussed in this section. After 28 days, the strength at the center part of the member is 28.1 MPa and exceeds the strength of concrete under standard curing (28.1 MPa) and the design strength of 24 MPa. Further, at a depth of only a few centimeters from the surface, the strength of concrete is smaller than that of standard curing. Additional hydration and the resultant strength increase is shown in Figs. 27 -30 , and after 91 days, the strength in the member exceeds the design strength and has a 20% margin to the design strength. Therefore, in the case that the inspection of concrete strength is carried out at 28 days, a 20% margin is maintained. In ACI 349-12 (American Concrete Institute 2012), a 15% compressive strength margin to the design strength is required for relaxation of regulation of temperature from 65 ºC to 82 ºC. Therefore, the condition that the design strength is satisfied at 28 days by using moderate heat or low heat Portland cement concrete probably procures additional hydration and a 20% margin of compressive strength, and resultantly meets the ACI requirement.
Countries that frequently face earthquakes or are exposed to terrorist attacks may review the risk of failure of structures and require higher concrete strengths than that at the design stage. In this case, a more complicated evaluation process is required. To confirm the performance of a concrete member, the strength of the concrete is directly evaluated by core-drilled samples. However, there is a possibility that a reactor, pipe, or another facility is located behind the one-sided heating surface of the concrete member, and for this reason, core-drilling is impossible. In this case, a core-drilled sample will be taken from the low temperature side. It should be noted that the strength of concrete in the low temperature region of the member with one-sided heating shows a continuous increase. Therefore, the core-drilled sample might show a larger compressive strength than the average of the concrete member. In addition, the later this evaluation process is, the larger the difference between concrete strength in the heated region. Also, because the hydration process in the concrete in the heated region is stagnated and damage around aggregates deteriorates the concrete strength, differences in concrete strength at both surfaces become greater due to the continuous hydration process in the lower temperature surface side region. Thus, it should be noted that the core-drilled sample from the low temperature side in the member with one-sided heating might result in an overestimation. The impact of heating or drying can be obtained by additional experiments from core-drilled samples, but the impact due to the difference in hydration degree cannot be estimated experimentally. For this reason, the proposed numerical simulation is essential for understanding this trend.
The authors intend to investigate real structures and members in depth to validate and enhance the proposed model in the near future. A research project that uses Hamaoka Nuclear Power Station Unit 1 is expected to contribute to this issue (Chubu Electric Power Co. 2014).
Summary
For the purpose of performance evaluation of an existing reinforced concrete member, a computational simulation model named the "Computational Cement-Based Material Model (CCBM)" is proposed. This numerical simulation framework aims to aid the evaluation of a concrete member, which has an inaccessible part and/or a large section by interpolating the distribution and development of concrete properties. This model is based on the rate of a cement hydration model, and resultant phase composition and properties of hardened cement paste are predicted. The virtual compressive strength of a cylinder concrete specimen under both standard curing and heating and drying conditions can be simulated by considering the change of the nature of hardened cement paste and the damage accumulated around coarse aggregates caused by a difference in volume change between the aggregates and mortar. Since it is difficult to predict the absolute strength value due to a lack of scientific knowledge and background data, the compressive strength under standard curing is used as a benchmark in the proposed model. Therefore, the proposed chemo-thermo-hygro modeling can evaluate the impact of temperature and drying conditions on a massive concrete member, and based on this calculation, the integrity evaluation method of a massive concrete member under a one-sided heating condition is discussed. This discussion clearly shows the issues of integrity evaluation of a massive concrete structure with upgraded requirements caused by social needs, and also helps to identify directions of future research. In conclusion, the necessity of a numerical approach is thus validated.
α i ,1 , α i ,2 : Degree of hydration of each cement mineral from period 1) to 2) and from period 2) to 3), respectively 
